The cerebral cortex of the human infant at term is complexly folded in a similar fashion to adult cortex but has only one third the total surface area. By comparing 12 healthy infants born at term with 12 healthy young adults, we demonstrate that postnatal cortical expansion is strikingly nonuniform: regions of lateral temporal, parietal, and frontal cortex expand nearly twice as much as other regions in the insular and medial occipital cortex. This differential postnatal expansion may reflect regional differences in the maturity of dendritic and synaptic architecture at birth and/or in the complexity of dendritic and synaptic architecture in adults. This expression may also be associated with differential sensitivity of cortical circuits to childhood experience and insults. By comparing human and macaque monkey cerebral cortex, we infer that the pattern of human evolutionary expansion is remarkably similar to the pattern of human postnatal expansion. To account for this correspondence, we hypothesize that it is beneficial for regions of recent evolutionary expansion to remain less mature at birth, perhaps to increase the influence of postnatal experience on the development of these regions or to focus prenatal resources on regions most important for early survival.
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folding | postnatal | cortex | macaque | primate T he human cerebral cortex is characterized by regional nonuniformities in cellular structure that change with age. Near term, there are regional variations in synaptic density (1, 2) , dendritic length, and dendritic spine density (3) . Postnatally, synaptic density increases dramatically, reaches a peak density in early childhood, and then undergoes synaptic pruning with a 2-fold or greater reduction (4) . The time course of these synaptic changes differs across regions, with primary sensory areas attaining peak density and adult levels earlier than higher order "association" areas (2, 5) . In adults, there are large regional nonuniformities in neuronal density (6) , dendritic size, branching complexity, and spine density (7) .
This evidence for cellular nonuniformities provides grounds for anticipating regional differences in macroscopic aspects of postnatal cortical maturation. Indeed, studies of gray matter volume and overall brain growth provide evidence for complex regional patterns of morphological change during childhood and adolescence (8, 9) . We recently used a surface-based approach to compare cortical structure in human term infants to adults. That analysis suggested that although many adult cortical shape characteristics are well established at birth, there may be regional differences in the maturity of cortical folding in term infants compared with adults (10) .
Comparisons with nonhuman primates, especially the intensively studied macaque monkey, provide another basis for evaluating regional differences in cortical maturation. Since the evolutionary divergence between humans and macaques ∼25 million years ago (11) , cortical expansion has been far greater in human lineage than in the macaque lineage. Compared with the macaque cortex, the human cortex has ∼10-fold larger surface area and many more cortical areas distinguishable by various methods (12) (13) (14) . Because this evolutionary expansion in cortical surface area is highly nonuniform (15, 16 ; translation in ref. 17 ), a comparison with human postnatal surface expansion may suggest how evolutionary factors have shaped human cortical development.
In the present study, we quantitatively evaluated the maturity of cortical folds at term by comparing cortical shape in a population of term infants and adults and quantifying nonuniformities in human postnatal cortical expansion. By comparing findings in humans and in macaque monkeys, we inferred that the pattern of human evolutionary expansion is impressively similar to the pattern of human postnatal expansion.
Results
Surface Area Expansion During Postnatal Development. We generated cortical surface reconstructions from a population of 12 healthy term-born human infants (10) and compared these reconstructions with corresponding reconstructions from 12 healthy young adults (18) . Figure 1 shows a map of cortical surface area expansion between term birth and adulthood. This map was constructed by comparing the average fraction of total surface area occupied by each surface tile in the adult population to its fraction in the term infant population. Although every region of the cortex increases in absolute surface area, the expansion is markedly nonuniform across the cortex. Some regions (orange/ yellow) expand as much as 4-fold postnatally (designated as high expansion), whereas others (blue) expand only ∼2-fold (designated as low expansion). High-expansion regions are concentrated in lateral temporal, lateral parietal, and dorsal and medial prefrontal regions in both hemispheres. Low-expansion regions are concentrated in medial temporal, occipital, and insular regions. Intermediate expansion (near the average) occurs in posterior temporal, frontopolar, and dorsal parietal regions. To determine which of these patterns are statistically significant, we performed a threshold-free cluster analysis (10, 19) on the fractional surface areas in term infants and adult. Figure 2 shows the locations of significant clusters of high and low expansion overlaid on the cortical expansion maps for the right ( Fig. 2A) and left (Fig. 2B) hemispheres. Black contours enclose regions that expanded significantly more than average (significant high expansion) between infancy and adulthood. White contours enclose regions that expanded significantly less than average (significant low expansion).
Regions passing significance are more extensive in the left hemisphere, but the maps of relative expansion are qualitatively similar in the two hemispheres. To futher address this issue, we performed an interhemispheric correlation analysis that provides greater sensitivity in some regions based on symmetry between the two hemispheres (20) . Figure 2C shows clusters that expanded significantly more (black outlines) or less (white outlines) than average in both hemispheres. Although the right hemisphere-specific analysis did not reveal significant clusters in the dorsal frontal, lateral parietal, orbitofrontal, or medial frontal regions, portions of these regions are significant when both hemispheres are considered together. Thus, the regional patterns of postnatal cortical surface expansion show a high degree of bilateral symmetry. The residual differences between hemispheres may be related to other developmental asymmetries in brain development (Discussion).
The morphological substrates of these relative expansion differences are evident on inspection of individual fiducial surfaces (Fig. 3) . Fig. 3 A-C shows individual right hemisphere fiducial surfaces for the lateral temporal cortex, a region of significantly high expansion, in three term infants and three adults. The individuals were chosen to span the full range of fractional surface areas within each age group based on the fraction of total cortical surface within a significant cluster of high expansion in the right lateral temporal cortex. For each age group, the top panel (Fig. 3A ) displays the individual with the smallest fractional surface area; the middle panel (Fig. 3B ) displays the individual closest to the population mean; and the bottom panel (Fig. 3C ) displays the individual with the greatest fractional surface area within the significant cluster. Fig. 3 D-F displays similar data for the medial temporal and occipital region that undergoes low postnatal expansion.
Qualitatively, in all panels, the lateral temporal cortex ( Fig. 3 A-C) is distinctly less convoluted in the term infant hemispheres than the adult hemispheres, the convolutions of which are more sharply creased and highly branched. In contrast, the complexity of convolutions in the medial region ( Fig. 3 D-F ) differs little between the term infants and the adults. We quantified this regional difference by computing average sulcal depth for infants and adults in each region. On average, the infant cortex is 47% as deep in the lateral temporal and 67% as deep in the medial occipito-temporal region compared with the corresponding regions in adults. Thus, during development a proportionally greater amount of cortex becomes buried in sulci in the higher-expanding regions than in the lower-expanding regions.
Surface Area Expansion During Evolution. Directly studying cortical expansion in human evolution would entail comparisons to evolutionary ancestors using the limited information in the fossil record. Important inferences can nonetheless be made through comparative studies with extant nonhuman primates (13, 21) . Human and macaque cortex differ ≈10-fold in total surface area. The ratio of human to macaque cortical surface area is regionally very nonuniform as inferred by interspecies surfacebased registration using regions known or strongly suspected to be homologous as registration constraints (15, 22) . "Hotspots" with the highest ratios are likely to be regions in which evolutionary expansion was especially rapid in the human lineage. Fig.  4 shows a map of differential cortical expansion for the adult human vs. macaque ( 
Discussion
Postnatal Cortical Surface Expansion. We showed previously (10) that human cortical surface area increases 3-fold between term birth and adulthood. By term gestation, almost all neurogenesis and neuronal migration are complete. Accordingly, postnatal surface expansion is presumably dominated by local cellular events, including synaptogenesis, dendritic arborization, gliogenesis, and intracortical myelination. Unexpectedly, the present study shows 2-fold regional nonuniformities in cortical expansion, ranging from 2-to 4-fold expansion across each hemisphere. We hypothesize that cellular and functional nonuniformities at term or in adulthood may contribute to nonuniform cortical expansion. In particular, low-expansion regions may be more structurally and functionally mature at term and/or may have simpler cellular structure in adulthood than high-expansion regions. Table 1 (rows A-H) summarizes evidence for and against this hypothesis derived from studies (identified by reference numbers) in both humans and macaques. From across the top, selected cortical regions are grouped into low expansion (boldface), intermediate expansion (roman/nonformatted), and high expansion (italic). The rows identify structural and functional factors relevant to our hypothesis, including factors measured near birth (rows A-F) and in adults (rows G and H). Rows I-M list developmental milestones that are reached at different ages within the cortical regions indicated. Numbered entries identify one or more studies examining each factor. Colored boxes denote observations that are consistent (blue) or inconsistent (pink) with our hypothesis. Fig. 5A illustrates several consistent and inconsistent regions of interest (ROIs) overlaid on the postnatal expansion map. The relevant characteristics of these ROIs (discussed below) are based on studies in both humans (black lines) and macaque monkeys (colored spheres). We discuss these characteristics in the order presented in Table 1 .
High-Expanding Regions Are Less Mature at Term. At term gestation, regions of high expansion tend to be less mature both structurally and functionally; the opposite tendency holds for lowexpanding regions. At a cellular level, this is supported by data on synaptic density. In low-expanding visual and auditory cortex (Heschl's gyrus), synaptic density is 50-100% greater and is closer to peak density than the high-expanding middle frontal gyrus (1). The neonatal macaque visual and auditory cortex are close to mature dendritic spine and dendritic field area, whereas the anterior prefrontal and lateral temporal cortex have approximately half the density and field area found in adulthood (23) (24) (25) . In newborn humans, the local cerebral metabolic rate for glucose is markedly higher (by 15-25%) in the low-expanding medial temporal and visual cortex than in the high-expanding dorsolateral prefrontal cortex (DLPFC) (26) . Accordingly, cortical circuits in the regions of high expansion may be more sensitive to postnatal experience and insult than those in regions of low expansion.
High-Expanding Regions Have Greater Cellular Complexity in Adults.
Evidence for regional nonuniformity in cellular complexity of adult cortex comes from quantitative studies of dendritic basal field area, arbor complexity, and spine number. In general, lowexpanding regions tend to have smaller and more simply branched dendrites with fewer spines than do high-expanding regions. In humans, dendritic field areas in the high-expanding lateral temporal cortex(Brodmann area 21) are nearly twice the size as in the low-expanding visual cortex (V2) (7). In the adult macaque, dendritic size and complexity vary 3-fold across the cortex: branching patterns are smallest and simplest in low-expanding regions (V1 and V2) (27) , intermediate in intermediate-expanding regions (7a, LIPv, and MT) (28) (29) (30) , and greatest in highexpanding regions (FEF, DLPFC, 7b, STP) (7, 27, 28, (31) (32) (33) (34) . In adult humans, dendrites have 6-fold more spines and 3-fold greater spine density in the high-expanding lateral temporal (area 21) and frontal (area 10) regions than in the low-expanding visual cortex (V1) (7) . Mechanistically, as synapses form and dendritic arbors develop, differential degrees of arbor size and complexity could result in regional differences in the distance between cortical mini- columns (14, 35) , with subsequent heterogeneity in the growth of the cortical surface.
High-Expanding Regions Tend to Mature More Slowly. In general, low-expanding regions tend to reach various structural and functional milestones earlier than do high-expanding regions. Mature synaptic density (1), peak cortical thickness (36) , and mature values of gray matter density (8, 37) are reached earliest in low-expanding regions (V1 and Heschl's gyrus), later in intermediate-expanding regions (frontopolar and dorsal parietal cortex), and latest in high-expanding regions (DLPFC). Similarly, during the first 3 postnatal mo, PET activity increases more in the low-expanding (V1) than in the high-expanding (DLPFC) regions (26, 38) . Activity in the low-expanding auditory cortex in response to sound (39) and medial temporal cortex in response to visually presented faces (40, 41) can be detected by PET imaging or scalp recording within the first 2 postnatal mo. In contrast, transcranial magnetic stimulation of the high-expanding motor cortex does not elicit detectable muscle response in humans until 2 y of age (42, 43) .
Subcortical white matter expands dramatically during postnatal maturation, with pronounced regional differences that show some similarities with our data. For example, frontal, anterior temporal, and parietal white matter undergo greater and more protracted maturation than occipital regions, as measured by diffusion imaging and volume expansion (44) (45) (46) (47) . This could occur if axonal diameters and degree of myelination in underlying white matter are correlated with the maturation of cellular architecture in different Summary of cellular and functional factors hypothesized to contribute to nonuniform postnatal expansion. Numbered entries identify study or studies examining each factor. Blue and pink boxes denote observations consistent or inconsistent with our hypothesis, respectively. Cortical regions are grouped into low-expansion (boldface), intermediate-expansion (roman/nonformatted), and high-expansion (italic). Row A, synaptic density at term; row B, percentage of peak synaptic density at term; row C, dendritic size (total dendritic length) at term; row D, percentage of peak dendritic spine density at term; row E, percentage of adult dendritic complexity at term; row F, local cerebral metabolic rate for glucose by PET at term; row G, dendritic complexity in adulthood; row H, dendritic spine number in adulthood; row I, temporal sequence of reaching mature synaptic density; row J, temporal sequence of reaching mature gray matter volume; row K, temporal sequence of attaining peak cortical thickness; row L, temporal sequence of detecting evoked cortical activity; row M, temporal sequence of reaching mature distribution pattern of cerebral metabolic rate for glucose. Temp, temporal. cortical regions: in early-maturing, low-expanding regions, underlying white matter may also mature earlier; in later-maturing, high-expanding regions, underlying white matter may mature later. An alternative hypothesis is that differential expansion of white matter plays a causal role, forcing greater expansion of cortex overlying rapidly growing white matter regions. However, although white matter expansion per se could change the pattern of convolutions, it would not increase cortical surface area except indirectly, through changes in cell size needed to support greater axonal diameters.
Addressing Inconsistencies. The pink boxes in Table 1 indicate apparent inconsistencies between published data and our hypothesis. One notable inconsistency is in sensorimotor cortex. Neonatal cortical neurons in this region are relatively complex (3) and have relatively high local cerebral metabolic rate for glucose (26) . They are less complexly branched in adults, albeit with differences among neighboring areas (34) . Together these predict lesser postnatal expansion rather than the greater expansion detected. The apparent discrepancies might be reconciled by further studies of cortical microstructure in these regions as well as a finer-grained analysis of cortical expansion. For example, regions with unusually high or low glial or neuronal densities might contribute to high or low expansion, respectively. Species differences might account for inconsistencies in the adult dendritic data, as these are mostly derived from studies in nonhuman primates. Developmental patterns of unique cell types, such as the large Betz cells of the motor cortex (48), may also affect surface expansion. Also, the relatively protracted postnatal development of corticospinal tracts associated with increases in manual dexterity in both macaques (49) and humans (50) may be associated with gray matter changes that contribute to the relatively greater postnatal expansion in the sensorimotor regions.
Cortical thickness is another relevant structural measure. In principle, regions of high expansion might reflect cortex that expanded in surface area preferentially instead of increasing in thickness and vice versa. However, to a first approximation, adult thickness data shows the opposite trend, with high-expanding regions tending to be the thickest and vice versa (51, 52) . To address this issue fully, it is critical to know the distribution of cortical thickness at birth; this is further discussed in SI Text.
Cortical Expansion During Evolution. Nonuniform cortical expansion during evolution may arise through additional mitotic rounds in specific regions of the proliferative neuronal precursor pool (53), leading to new or enlarged cortical areas. The preset result suggests that many cortical regions that expanded rapidly in evolution were also under evolutionary pressure to remain structurally immature during gestation. In particular, the lateral temporal, parietal, and frontal regions associated with high expansion in human postnatal development and in evolution are generally implicated in higher cognitive functions that distinguish humans from nonhuman primates (21) . These regions may have been under pressure to remain immature to do the following: (i) to facilitate the contributions of postnatal experience to the development of selected regions; (ii) to minimize the use of prenatal resources for development of cortical regions less crucial for early survival; or (iii) to limit overall brain size at birth by focusing development/ expansion primarily on those areas needed for immediate postnatal survival, thereby minimizing head size as a mechanical obstacle to emergence from the uterus (54) . Regions in Fig. 4C where there is either no correlation (gray) or an anticorrelation (green) might reflect uncertainty or bias in the comparison between two highly derived measures. Alternatively, they might reflect biologically significant aspects of the complex and poorly understood relationships between cortical evolution and development. Further insights on these issues may emerge from studies of brain circuitry during development that elucidate the nature, timing, and impact of intrinsic and extrinsic developmental signals that control the differentiation and maturation of cortical areas.
Materials and Methods
Subjects and Image Processing. Participant characteristics, MRI scanning, and imageprocessing havebeenpreviouslydescribed indetailforterminfant(10)and adult (18) subjects. Key steps in image processing are illustrated in Fig. S1 and summarized below. Participants consisted of 12 healthy term-born infants (six male and six female\; mean gestational age, 39 wk) from uncomplicated pregnancies and 12 normal right-handed young adults (six male and six female, 18-24 y of age). Institutional review boards approved all procedures and, if appropriate, parents or legal guardians provided informed written consent for the study.
High-resolution T2-weighted and T1-weighted MRI scans were obtained for term infant and adult subjects, respectively. Midcortical segmentation volumes were generated for term infants and adults using the semiautomated LIGASE and SureFit methods, respectively. Cortical surface reconstructions were generated for each hemisphere using tools in Caret (http://brainvis.wustl.edu) (55) .
Target Atlas Generation. To quantitatively compare term infant and adult populations without bias toward either age group, a hybrid atlas target was created that reflects the average shape characteristics of both age groups. The hybrid atlas is denoted as the PALS-TA24 atlas because it is a populationaverage, landmark-and-surface (PALS) atlas derived from a total of 24 term and adult hemispheres. Details concerning atlas construction and registration are given in SI Materials and Methods.
Term Infant to Adult Relative Surface Area Expansion. A map of relative cortical surface area expansion between term birth and adulthood was calculated by examining the fractional surface area of each location on the cortex. For each hemisphere of each individual, a map of fractional surface area was calculated by computing the surface area of each fiducial surface tile as the fraction of total cortical surface area (excluding the noncortical medial wall). Maps of relative areal expansion were constructed by dividing the mean fractional area maps of the adults by that of the term infants.
Evolutionary Cortical Surface Expansion. A surface atlas of a single macaque monkey (F99) was previously registered to the adult PALS-B12 atlas using a combination of functional and structural homologies (22) . A previously generated map of evolutionary cortical expansion between the macaque monkey and the human adult (15) was registered to the PALS-TA24 atlas. Selected regions of interest were mapped to macaque surface atlas (Fig. 5) according to the following study references: V1, MT, Tea (58); V2, LIP, MT 7a (59); FEF (28); TEpd, PFC (23) .
Smoothing. Maps of postnatal surface area expansion and evolutionary area expansion were smoothed 10 iterations (5-mm smoothing kernel) using an average neighbors algorithm (10, 56) .
Significance Testing. Regions of significantly high or low postnatal expansion were tested using a two-sample t test and an interhemispheric symmetry test. Two-sample t test. The following operations were performed separately for each hemisphere. (i) A two-sample t statistic was calculated after spatial smoothing at each surface node from the distribution of term infant and adult fractional surface areas. (ii) The group identities (term infant or adult) of each individual fractional area map were randomized 2,500 times, and corresponding t maps were generated. (iii) To determine statistical significance, a threshold-free cluster enhancement (TFCE) was implemented (10, 19) . Interhemispheric symmetry test. The interhemispheric symmetry analysis tests for significant clusters present in corresponding locations in both hemispheres (20, 57) . This method is the same as the two-sample t test described above, except that both left and right hemispheres were examined and a t correlation map was generated after each permutation by multiplying the two-sample t statistic at each surface node in the left hemisphere by the corresponding node in the right hemisphere. This t correlation map was used as the t statistic for significance testing by threshold-free cluster enhancement.
Data Access and Visualization. All data sets illustrated in this study are accessible in the SumsDB database (http://sumsdb.wustl.edu/sums/directory.do? id=7601585).
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